Imaging Hematopoietic Precursor Division in Real Time  by Wu, Mingfu et al.
Cell Stem Cell
ArticleImaging Hematopoietic
Precursor Division in Real Time
Mingfu Wu,1 Hyog Young Kwon,1 Frederique Rattis,1 Jordan Blum,1 Chen Zhao,1 Rina Ashkenazi,3
Trachette L. Jackson,3 Nicholas Gaiano,4,5 Tim Oliver,2 and Tannishtha Reya1,*
1Department of Pharmacology and Cancer Biology
2Department of Cell Biology
Duke University Medical Center, Durham, NC 27710, USA
3Department of Mathematics, University of Michigan, Ann Arbor, MI 48109, USA
4Department of Neurology
5Institute for Cell Engineering
Johns Hopkins University School of Medicine, Baltimore, MD 21205, USA
*Correspondence: t.reya@duke.edu
DOI 10.1016/j.stem.2007.08.009SUMMARY
Stem cells are thought to balance self-renewal
and differentiation through asymmetric and
symmetric divisions, but whether such divi-
sions occur during hematopoietic development
remains unknown. Using a Notch reporter
mouse, in which GFP acts as a sensor for differ-
entiation, we image hematopoietic precursors
and show that they undergo both symmetric
and asymmetric divisions. In addition we show
that the balance between these divisions is
not hardwired but responsive to extrinsic and
intrinsic cues. Precursors in a prodifferentiation
environment preferentially divide asymmetri-
cally, whereas those in a prorenewal environ-
ment primarily divide symmetrically. Onco-
proteins can also influence division pattern:
although BCR-ABL predominantly alters the
rate of division and death, NUP98-HOXA9 pro-
motes symmetric division, suggesting that dis-
tinct oncogenes subvert different aspects of
cellular function. These studies establish a
system for tracking division of hematopoietic
precursors and show that the balance of sym-
metric and asymmetric division can be influ-
enced by the microenvironment and subverted
by oncogenes.
INTRODUCTION
Stem cells and progenitors have the ability to give rise to
differentiated cells while at the same time maintaining
a pool of immature cells. It has been speculated that one
way in which cells can balance renewal with commitment
is via control of asymmetric and symmetric division (Mor-
rison and Kimble, 2006). During asymmetric division, one
daughter cell remains a stem cell, while the other becomesCell Scommitted. In contrast, during symmetric divisions,
a stem cell divides to become two stem cells (symmetric
renewal) or two committed cells (symmetric commitment).
When stem cells divide asymmetrically, tissues maintain
a constant number of stem cells while allowing a progres-
sive increase in the number of differentiated cells. Con-
versely, symmetric renewal divisions allow expansion of
the immature stem or precursor pool, whereas symmetric
commitment divisions allow only differentiated cells to be
generated.
That precursor cells can proceed through asymmetric
or symmetric division has been best demonstrated in in-
vertebrates. For example, in the Drosophila germline,
stem cells near the ‘‘hub cell’’ divide asymmetrically with
the daughter cell that maintains contact with the hub re-
maining a stem cell and the daughter that is displaced
away becoming a committed cell. The result of the dis-
placement is a reduced ability to access the signals at
the hub such as the soluble ligand Unpaired, which in
part controls the maintenance of the stem cell (Yamashita
et al., 2003). Similarly in the Drosophila nervous system,
the neuroblast divides along its apical-basal axis such
that the apical daughter remains a neuroblast and the
basal daughter becomes a ganglion mother cell that gen-
erates differentiated progeny. This type of cell division is
associated with the asymmetric distribution of Numb
and Prospero, which act as determinants of the differenti-
ated basal daughter cell (Jan and Jan, 1998; Knoblich
et al., 1995). In addition to undergoing asymmetric divi-
sion, stem cells can also divide symmetrically. For exam-
ple, in the C. elegans germline, two stem cells give rise to
several thousand germ cells through a series of symmetric
divisions (Crittenden et al., 2006).
In contrast to what is known about symmetric and
asymmetric divisions in invertebrates, very little is known
about the division patterns in most mammalian systems.
In particular, it is unclear whether hematopoietic stem and
progenitor cells proceed through asymmetric divisions,
symmetric divisions, or some combination thereof. It is
also unknown whether extrinsic and intrinsic signals that
regulate differentiation, self-renewal, or transformationtem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 541
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and asymmetric cell divisions or solely by altering the
rate of growth and survival of cells with specific fates.
Here we address these fundamental questions by utilizing
transgenic Notch reporter (TNR) mice, in which GFP fluo-
rescence indicates the status of Notch signaling (Duncan
et al., 2005). In these mice, GFP is highly expressed in
populations enriched for hematopoietic stem cells (HSCs)
and downregulated as these cells differentiate (Duncan
et al., 2005), allowing GFP to serve as a sensor of the un-
differentiated state. Using cells from the TNR mice, we
have employed time-lapse microscopy to trace hemato-
poietic precursor division and define whether the pattern
and rate of division change in the context of different
microenvironments. We find that when hematopoietic
precursor cells undergo division they do so through a com-
bination of asymmetric and symmetric divisions. When
these precursors are placed on stroma that induce differ-
entiation, they predominantly use asymmetric divisions or
symmetric commitment divisions; in contrast, when they
are placed on stroma that promote maintenance of imma-
ture cells, they proceed predominantly through symmetric
renewal divisions.
As transformation by oncogenes represents a dysregu-
lated form of self-renewal (Reya and Clevers, 2005; Reya
et al., 2001), we also tested whether oncogenes can influ-
ence the balance of symmetric and asymmetric division.
BCR-ABL, which promotes chronic myelogenous leuke-
mia (CML), had a strong influence on cell proliferation
and cell survival but not on the pattern of cell division; in
contrast, NUP98-HOXA9, which is associated with acute
myeloid leukemia (AML), caused a significant shift in the
pattern of division but little change in proliferation or cell
survival. This work not only establishes a system by which
division patterns of early hematopoietic precursor cells
can be tracked in real time but also demonstrates that
such division patterns are not hardwired but responsive
to both intrinsic and extrinsic signals. Importantly, our
work also shows that the mechanisms by which onco-
genes transform cells vary, with some predominantly con-
trolling cell proliferation and survival and others altering
the balance between symmetric and asymmetric division.
RESULTS
The GFP Intensity of Cells from TNR Mice
Functions as an Indicator of the
Undifferentiated State
In previous studies, we have shown that 40%–60% of
HSCs derived from TNR mice (Mizutani et al., 2007)
express GFP; in contrast, GFP expression is downregu-
lated in lineage-positive differentiated hematopoietic cells
(Duncan et al., 2005). Because GFP expression in these
cells acts as an indicator of the undifferentiated state,
we postulated that GFP could be used to image immature
cells undergoing division in real time. We first confirmed
that GFP+ cells from TNR mice that also expressed c-Kit
and Sca-1 and had low to negative expression of lineage
markers (GFP+KLS) were enriched for functional HSCs.542 Cell Stem Cell 1, 541–554, November 2007 ª2007 ElsevieAs shown in Figures 1A–1C, we found that the GFP+KLS
cells are capable of long-term reconstitution of the hema-
topoietic system in both primary and secondary trans-
plants (Figures 1A–1C). We next examined whether these
GFP+ cells downregulate GFP when they differentiate in
vitro, as they do in vivo (Duncan et al., 2005). For this pur-
pose, we not only utilized cells that were GFP+KLS cells
but also excluded cells that were positive for CD34 ex-
pression to further enrich for HSCs (Osawa et al., 1996).
We refer to this c-kit+ Lin/lo Sca-1+CD34 population as
GFP+KLSC. Sorted GFP+KLSC cells cultured on a mono-
layer of 7F2 stromal cells (Thompson et al., 1998) for 3
days predominantly gave rise to GFP cells (Figure 1D).
We then analyzed the cells that remained GFP+ as well
as those that had become GFP to determine the dif-
ferentiation state of each population. At the beginning of
culture, sorted cells were uniformly low or negative for Lin-
eage markers (Figure 1E) and expressed c-kit (Figure 1F).
After 3 days, the majority of cells that had become GFP
also expressed lineage markers (Figure 1G) and lost c-
kit expression (Figure 1H). In contrast, the majority of cells
that remained GFP+ continued to lack lineage markers
and express c-kit (Figures 1G and 1H). This indicated
that loss of GFP in vitro correlated with phenotypic differ-
entiation.
To confirm that the differential phenotype of the GFP+
and GFP cells after culture reflected their functional sta-
tus, we compared the ability of GFP+ or GFP cells to form
colonies in methylcellulose. GFP+ cells formed 14-fold
more colonies than GFP cells (Figure 2A, p < 0.007), sug-
gesting that greater numbers of functionally primitive cells
reside in the GFP+ fraction. We confirmed this by using the
colony-forming unit-spleen (CFU-S) assay, which pro-
vides an in vivo measure of the frequency of primitive cells
in a population (Till and McCulloch, 1961). We trans-
planted equal numbers of GFP+ or GFP cells into lethally
irradiated recipients to determine the number of colonies
formed by each population in vivo. CFU-S colonies
formed after 8 days are derived mainly from more differen-
tiated cells, whereas colonies formed after 12 days are
derived from more primitive cells. Whereas we did not
observe any differences in d8 colonies formed by the two
populations (data not shown), GFP+ cells gave rise to 7-
fold more d12 colonies than GFP cells (Figures 2B and
2C) (p < 0.0001), again suggesting that greater numbers
of functionally primitive cells reside in the GFP+ fraction.
We also compared the reconstitution efficiency of GFP+
and GFP cells by transplanting equivalent numbers of
GFP+ or GFP cells into lethally irradiated mice. We
specifically tested whether stem cell activity could be
detected in the GFP+ population at limiting numbers. To
this end, we transplanted 40, 20, or 10 cells into lethally
irradiated hosts. We detected donor-derived chimerism
at each of these doses from the GFP+ fraction, but not
from the GFP fraction (Figures 2D–2F). In addition, the re-
constitution ability of postculture GFP+ cells was similar to
the reconstitution ability of freshly isolated KLSC cells
(Figure 2G), indicating that the cells that remain GFP+ in
culture are enriched for HSCs at a level comparable tor Inc.
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Imaging Stem Cell DivisionFigure 1. GFP+ Cells Are Phenotypically More Immature Than GFP Cells
(A–C) GFP+KLS cells from TNR mice are highly enriched for hematopoietic stem cells. Five-hundred GFP+KLS cells were transplanted into recipient
mice (six per cohort), and peripheral blood was analyzed for donor derived chimerism ([A], left) by FACS at 15 weeks. (A) Right, two million bone mar-
row cells from primary transplanted mouse were transplanted to recipient mice (six mice per cohort), and total donor chimerism was analyzed at
15 weeks. (B and C) Multilineage repopulation was determined by analysis of peripheral blood with antibodies to distinct lineage markers. Primary
transplantation results shown are an average of four independent experiments. Secondary transplantation results shown are an average of three
independent experiments.
(D) FACS analysis of GFP levels of GFP+KLSC cells sorted from TNR mice before (gray) and after (black) culture with stromal cells.
(E–H) Expression of GFP, Lineage, and c-kit on GFP+KLSC cells before (E and F) and after (G and H) culture.
Error bars represent standard deviation.freshly isolated HSCs. These data indicate that in vitro cul-
ture of GFP+KLSC cells leads to generation of GFP cells
that are more differentiated, and lend credence to the use
of GFP as a fluorescent sensor of the differentiation state
of hematopoietic cells. Although we cannot completely
rule out the possibility that GFP downregulation may be
a stochastic event, we feel that this is unlikely because
the downregulation of GFP consistently correlates with
increased acquisition of a differentiated state.
Hematopoietic Precursors Undergo Both
Symmetric and Asymmetric Division
To define the pattern of divisions that KLSC cells undergo,
we plated them on stromal cells in glass-bottomed Petri
dishes and tracked divisions by using an inverted Axiovert
microscope. Multiple GFP+ targets in the dish were identi-
fied, marked, and revisited every 10 min over a period of
72 hr. To facilitate tracking of cells, particularly when GFP
expression was downregulated, we either visualized them
in DIC or infected them with a viral vector expressing CFP.
We focused specifically on GFP+ cells as they under-
went division to determine whether they give rise to two
GFP daughter cells (symmetric commitment), two GFP+Cell Sdaughter cells (symmetric renewal), or one GFP and one
GFP+ daughter cell (asymmetric division) (Figures 3A–3C).
Our first observation was that immature hematopoietic
precursors are capable of all three types of division. Cells
undergoing symmetric commitment (Figure 3D) can be
seen dividing (Figure 3E) and downregulating GFP in
both daughter cells (Figure 3F and Movie S1, in the
Supplemental Data available with this article online). Cells
undergoing symmetric renewal (Figure 3J) can be seen
dividing (Figure 3K) and maintaining equivalent levels of
GFP in both daughters (Figure 3L and Movie S3). Finally,
cells undergoing asymmetric division (Figure 3P) can be
seen dividing (Figure 3Q) and downregulating GFP in only
one daughter (Figure 3R and Movie S5). The GFP pixel
intensity unit (PIU) that was used as the objective criterion
to score each division (see Experimental Procedures) is
shown on the right of each panel. In each case, we moni-
tored CFP levels as a control and found they did not
change significantly and in a consistent direction during
these divisions (Figures 3G–3I, 3M–3O, and 3S–3U and
Movies S2, S4, and S6). Cumulatively, these data indicate
that hematopoietic precursors could undergo both sym-
metric and asymmetric divisions.tem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 543
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Imaging Stem Cell DivisionFigure 2. GFP+ Cells Are Functionally More Immature Than GFP Cells
(A) GFP+KLSC cells were cocultured with 7F2 cells. Subsequently, single-sorted GFP+ or GFP cells were cultured in methylcellulose in individual
wells of a 96-well plate and colonies counted after 7 days. Average colony number per plate is shown. Results shown are an average from four
independent experiments (p = 0.007).
(B and C) GFP+KLSC cells were cocultured with 7F2 cells, and subsequently, 800 GFP+ or GFP cells were transplanted into lethally irradiated mice to
assess their ability to form d12 colony-forming unit-spleen (CFU-S). Representative spleens from mice transplanted with GFP and GFP+ cells (B) and
average colonies per spleen in each group are shown (C) (p < 0.0001). Results are representative of three different experiments with three or five mice
per group.
(D–F) GFP+KLSC cells were cocultured with 7F2 cells for 2 days and transplanted in limiting numbers to determine the relative transplantation effi-
ciency of GFP+ and GFP cells. 40, 20, and 10 GFP+ or GFP cells were sorted and transplanted into sublethally irradiated Rag2/IL2rg/ mice.
Average donor chimerism in mice is shown at 13–15 weeks after transplantation. (Results are representative of two independent experiments with
three mice per cell dose for a total of 18 mice per experiment [p < 0.05].)
(G) Comparative repopulation ability of postculture GFP+ cells to freshly isolated KLSC cells. Forty KLSC and 40 postculture GFP+ cells (also shown in
[D]) were transplanted into recipient mice (three or six mice per cohort), and the average donor-derived chimerism was determined by analyzing the
peripheral blood at 15 weeks. Data are representative of two independent experiments.
Error bars represent standard deviation.Numb Is Asymmetrically Distributed
and Segregated during Hematopoietic
Precursor Division
The asymmetric divisions we observed could be either
due to an asymmetry that is intrinsically set up during
division or a result of a symmetric division followed by
asymmetric exposure to stochastic environmental cues.
To differentiate between these possibilities, we examined
whether we could detect any intrinsic asymmetric distri-
bution of determinants of differentiation. Because very544 Cell Stem Cell 1, 541–554, November 2007 ª2007 Elsevierlittle is known about asymmetric protein distribution in
hematopoietic cells, we used a candidate gene approach
and examined genes that are known to influence asym-
metric division in Drosophila. Specifically we chose to
examine the distribution of Numb, an adaptor protein that
has been shown to inhibit Notch signaling (Guo et al.,
1996; Wakamatsu et al., 1999) and has been implicated
in the asymmetric division of several cell types, most nota-
bly of Drosophila neuroblasts (Cayouette and Raff, 2002;
Zhong et al., 1996; Chang et al., 2007). We first analyzedInc.
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Imaging Stem Cell DivisionFigure 3. Time-Lapse Imaging of Hema-
topoietic Precursor Divisions
(A–C) Schematic shows three possible division
patterns of hematopoietic precursors: sym-
metric commitment (A), symmetric renewal
(B), and asymmetric division (C).
(D–U) Representative still frames of GFP+KLSC
cells undergoing distinct patterns of divisions
(corresponding movies shown in Movies
S1–S6). GFP+KLSC cells were infected with
MSCV-IRES-CFP virus, KLS CFP+ GFP+ re-
sorted, and plated on 7F2s for imaging.
Upper frames show GFP images, and lower
frames show CFP images. (D–I) Symmetric
commitment division. A mother cell, shown in (D)
(pixel intensity unit [PIU] = 179), divides to pro-
duce two daughters (E), which downregulate
GFP ([F], PIU = 46, 42). CFP intensity of the
daughters (G–I) remains similar to their mother.
(J–O) Symmetric renewal division. A mother cell
([J], PIU = 189) divides to produce two daugh-
ters (K) that retain GFP levels equivalent (L,
PIU = 183, 180) to that of their mother. CFP in-
tensity of the daughters (M–O) remains similar
to their mother. (P–U) Asymmetric cell division.
A mother cell ([P], PIU = 220) divides to
produce two daughters with equivalent GFP in-
tensity ([Q], PIU = 210); subsequently, the GFP
expression of one of the daughters is downre-
gulated ([R], PIU = 71) relative to the mother
and the other daughter (PIU = 237). CFP inten-
sity of the daughters (S–U) remains similar to
their mother. Bar graphs show GFP PIU of
mother cell in first panel and PIU of daughters
in last panel.whether Numb was asymmetrically localized in dividing
KLSC cells. We isolated KLSC cells, cultured them in the
presence of growth factors, and examined Numb distribu-
tion in cells actively undergoing division. In order to ob-
serve a significant number of cells undergoing mitosis,
we treated the cells with nocodazole to arrest cells in mi-
tosis. The dose of nocodazole that is typically used (De
Brabander et al., 1981) had to be lowered significantly
(to 10 nm) to avoid toxicity for HSCs. The use of a low
dose is most likely the reason why we observed a sig-
nificant number of cells escaping into telophase. Using
immunofluorescence, we found that Numb was either
symmetrically or asymmetrically distributed in cells under-
going division. While 56% showed equivalent distribution
of Numb between the two incipient daughters (Figures 4A
and 4B), 44% of dividing cells displayed preferential local-
ization of Numb to one incipient daughter at variousCell Sstages of mitosis (Figures 4C and 4D). In both cases of
symmetric and asymmetric Numb distribution, we ob-
served different patterns of localization of Numb ranging
from a clear crescent at the cell cortex to punctate cyto-
solic staining; although the significance of the different
localization patterns is not fully clear, they appeared to
correlate at least to some extent with the different phases
of mitosis (Figure S1). To rule out any possible effects of
nocodazole on asymmetric Numb distribution, we also
stained HSCs for Numb in the absence of nocodazole
and found a similar distribution (46% n = 43, data not
shown). Finally, to control for the possibility that Numb
may segregate differentially solely due to differential
membrane distribution in daughter cells, we costained
for Numb and the general membrane marker pan-cad-
herin. As shown in Figures 4E and 4F, a majority of cells
(61%, n = 57) that show asymmetric distribution oftem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 545
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Imaging Stem Cell DivisionFigure 4. Numb Is Asymmetrically Distributed and Segregated during Hematopoietic Precursor Division
(A–D) GFP+KLSC cells were cultured overnight, treated with nocodazole, and subsequently stained to visualize Numb distribution. (A) Symmetric dis-
tribution of Numb in cells undergoing division (representative of 56% of dividing cells, n = 48). DAPI staining is shown in (B). (C) Asymmetric distribution
of Numb in cells undergoing division (representative of 44% of dividing cells, n = 48). DAPI staining is shown in (D).546 Cell Stem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc.
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pan-cadherin. In addition in the other 39% of the cells
where the membrane was unevenly distributed in the
two prospective daughters, pan-cadherin distribution
did not colocalize to the specific domains of Numb ex-
pression. This suggests that the differential levels of
Numb in the two daughters is unlikely to be a reflection
purely of greater amounts of membrane in one prospec-
tive daughter versus another. We next tested whether
this asymmetric distribution resulted in Numb being differ-
entially segregated between GFP+ and GFP cells. We
thus cultured GFP+KLS cells for 2 days and found that in
a majority of cells analyzed levels of Numb were signifi-
cantly lower in the GFP+ progeny and preferentially segre-
gated to the GFPprogeny (Figures 4G and 4H). Given that
the GFP population is enriched for differentiated cells
(Figures 1 and 2), this suggested that Numb was segregat-
ing at a higher level into differentiated cells. To determine
whether this differential expression could be functionally
relevant, we tested whether the increased expression of
Numb could influence either Notch activity or differentia-
tion. We first retrovirally overexpressed Numb::CFP or
a control CFP vector in GFP+KLSC cells and found that
Numb overexpression significantly reduced the frequency
of cells responding to Notch (from 80% to 36%; Figures 4I
and 4J). Additionally, we found that Notch reporter activity
was progressively more repressed with increasing ex-
pression of Numb (Figures 4K–4P). To test if Numb can
functionally influence the differentiation status of hemato-
poietic cells, we retrovirally overexpressed Numb::GFP or
a control GFP vector in KLSC cells and analyzed the fre-
quency of immature cells at the end of the culture period.
Interestingly the cells carrying Numb had 4-fold fewer
lineage-negative cells compared to control infected cells
(Figure 4Q). These data suggest that the asymmetric seg-
regation of Numb may functionally result in inhibition of
Notch signaling and a more differentiated state. These
data also indicate that the asymmetric divisions observed
in KLSC cells are associated with asymmetric distribution
and segregation of Numb, and suggest that the asymme-
try is at least in part intrinsically determined.
DistinctMicroenvironments Influence the Balance
of Symmetric and Asymmetric Division
Although the above data show that hematopoietic precur-
sors can undergo both symmetric and asymmetric divi-
sions, it remained unclear whether the precise balance
of asymmetric and symmetric division was intrinsically en-Cell Scoded in hematopoietic precursors or if it could be altered
by extrinsic cues. To address this issue, we compared the
division patterns of KLSC cells plated on two different
types of stroma: 7F2 and OP9. 7F2 cells are an osteoblas-
tic cell line isolated from p53/ mice (Thompson et al.,
1998). When KLSC cells were cultured on 7F2 cells, only
34% remained GFP+ and Lin/lo, suggesting that 7F2 cells
preferentially induce differentiation of hematopoietic pre-
cursors (Figure 5A, left). OP9 cells are derived from op/
op mice that genetically lack M-CSF (Nakano et al.,
1994). These cells can support embryonic stem cell differ-
entiation to hematopoietic cells and can maintain HSC
fate in vitro (Ueno et al., 2003). Consistent with these
reports, 65% of KLSC cells plated on an OP9 monolayer
remained GFP+ and Lin/lo after 72 hr (Figure 5A, right).
The cells that remain GFP+ in these cultures most likely
have the ability to respond to the Notch ligands expressed
on the stroma as well as neighboring HSC (Figure S2).
One explanation for the distinct differentiation out-
comes observed on 7F2 and OP9 cells could be that un-
committed cells divide at different rates on the different
stromal cells. For example, if symmetric renewal divisions
occurred faster on OP9 than on 7F2, this could also lead to
an increased proportion of undifferentiated cells at any
one time. We thus examined both the division rates and
the division pattern of cells plated on these distinct stroma
and found that the division rate of cells cultured on 7F2s
was similar to that of cells cultured on OP9s (Figure 5B).
In addition, the frequency of cell death was also similar be-
tween these conditions (Figure 5C), and the division rate of
symmetric and asymmetric divisions on both the stromal
layers was also equivalent (data not shown). In contrast,
the distribution of symmetric and asymmetric division
was markedly different. Whereas KLSC cells plated on
7F2 cells primarily underwent asymmetric division (Fig-
ure 5D), those on OP9 cells primarily underwent symmet-
ric renewal divisions (Figure 5E). Thus KLSC cells in con-
tact with 7F2 cells divided through asymmetric division
twice as often as symmetric renewal, whereas those on
OP9 cells divided through symmetric renewal 3.5 times
more often than through asymmetric division (Figure 5F).
The differential patterns of division also correlated with dif-
ferential distribution of Numb in HSCs placed on 7F2 and
OP9 cells, with cells on OP9 displaying a lower frequency
of asymmetric distribution than those on 7F2 (Figure S3).
That changes in the balance of symmetric and asymmetric
division can lead to altered rates of differentiation of
daughter cells was also confirmed via mathematical(E and F) GFP+KLSC cells were cultured overnight, treated with nocodazole, and stained for Numb (red, left panels) and pan-cadherin (blue, right
panels), n = 57 from three independent experiments.
(G and H) GFP+KLSC cells were cultured on 7F2 cells and subsequently stained with antibodies to Numb (G) and GFP (H).
(I and J) GFP+KLSC cells were infected for 48 hr with MSCV-Numb::CFP or MSCV-CFP as a control. After infection, cells were cocultured with 7F2
cells for 3 days and subsequently analyzed by FACS to determine GFP reporter expression in cells expressing either control (I) or Numb (I) vectors.
(K–P) Increased repression of Notch reporter activity with increasing levels of ectopic Numb expression. GFP levels in cells that were either negative
(K and L), low (M and N), or high (O and P) for control vector or Numb expression. Results are representative of two independent experiments.
(Q) KTLS cells from wild-type mice were infected for 36 hr with MSCV-Numb::GFP or MSCV-GFP as a control. After infection, GFP+KLS cells were
resorted, cocultured with 7F2 cells, and lineage marker expression analyzed. Average frequency of Lin cells over four independent experiments
(p = 0.02).
Error bars represent standard deviation.tem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 547
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Imaging Stem Cell DivisionFigure 5. Distinct Stromal Cells Differentially Influence the Balance of Asymmetric and Symmetric Division of Hematopoietic
Precursors
(A) GFP+KLSC cells were sorted and plated on 7F2 or OP9 cells for 72 hr, and their phenotype was analyzed by FACS.
(B) Rates of cell divisions of KLSC cells on 7F2 and OP9 were monitored by counting the number of times a cell divided in a given time period using
time-lapse imaging. The division time was averaged from scoring 112 cells cultured in 7F2 and 104 cells cultured in OP9 cells (from three independent
experiments).
(C) Apoptosis rates of KLSC cells on 7F2 and OP9 were determined by analyzing by time-lapse microscopy the number of cells that underwent cell
fragmentation postdivision.
(D–F) Frequency of cells undergoing asymmetric, symmetric renewal or symmetric commitment division on 7F2 or OP9 cells scored over a period of
72 hr by time-lapse microscopy. Total numbers of cells tracked in 7F2 cultures were 112, and in OP9 cultures were 104. Data shown are an average of
three independent experiments. The difference in the frequency of symmetric renewal and asymmetric divisions between OP9 and 7F2 was signif-
icant (p = 0.012 and p = 0.00019, respectively). Relative ratios of symmetric:asymmetric division on 7F2 or OP9 cells (F).
Error bars represent standard deviation.modeling (Figure S4). These data reveal that the different
environments encourage different outcomes, not by gov-
erning rates of division, but rather by shifting the balance
between asymmetric and symmetric division.
Distinct Oncogenes Influence the Balance
of Symmetric and Asymmetric Division
It is well known that oncogenes can influence the process
of transformation by enhancing cell growth and survival.
However, whether they also subvert the balance of sym-
metric and asymmetric division is unknown. To address
this issue, we first tested the effects of BCR-ABL, a trans-
location product predominantly associated with chronic548 Cell Stem Cell 1, 541–554, November 2007 ª2007 Elseviermyelogenous leukemia (CML) (Nowell and Hungerford,
1960). This translocation results from the fusion of the
breakpoint cluster region (BCR) serine/threonine kinase
gene on chromosome 9 with the c-abl tyrosine kinase
gene on chromosome 22. We thus infected GFP+KLSC
cells from TNR mice with either a control retroviral con-
struct or a construct carrying BCR-ABL. The viral con-
structs included a CFP sequence so that the infected cells
could be sorted and tracked by CFP expression. After
infection, KLS CFP+GFP+ cells were resorted and plated on
7F2 cells, and the rates of cell division, extent of cell death,
and pattern of cell division were monitored and quantified.
As predicted by the literature, BCR-ABL-infected cellsInc.
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Imaging Stem Cell DivisionFigure 6. BCR-ABL Expression Does Not
Influence the Balance between Asym-
metric and Symmetric Division
GFP+KLSC cells were sorted from TNR mice
and infected with viruses carrying control vec-
tor-IRES-CFP or BCR-ABL-IRES-CFP. After
infection, KLS CFP+ GFP+ cells were resorted,
plated on 7F2 cells, and imaged for 72 hr.
(A) Rate of cell division of vector or BCR-ABL-
infected KLS cells were monitored by counting
the number of times a given cell divided in a
72 hr period. The division time was averaged
from 78 and 89 cells respectively (n = 3).
Frequency of divisions of BCR-ABL-infected
KLSC cells was significantly higher than vec-
tor-infected KLSC cells (*p = 0.038).
(B) Apoptosis rate of vector-infected or BCR-
ABL-infected KLSC cells was determined as
in Figure 5C (n = 3, p = 0.040).
(C and D) Frequency of vector-infected or
BCR-ABL-infected cells undergoing asymmet-
ric, symmetric renewal or symmetric commit-
ment division were scored over a period of
72 hr by time-lapse microscopy. Data shown
are derived from 78 vector-infected and 89
BCR-ABL-infected cells, and is an average of
three independent experiments. The difference
in frequency of symmetric renewal divisions
between vector andBCR-ABL is not significant
(p = 0.392).
Error bars represent standard deviation.divided twice as frequently as vector-infected cells (Fig-
ure 6A) and underwent apoptosis at half the rate of vec-
tor-infected cells (Figure 6B), indicating that BCR-ABL
promotes proliferation and survival (Amarante-Mendes
et al., 1998; Daley et al., 1990). We next tested the distri-
bution of symmetric and asymmetric divisions in both con-
trol and BCR-ABL-infected cells. Similar to uninfected
cells, HSCs infected with control viruses divided primarily
through symmetric commitment and asymmetric divisions
(Figure 6C). Interestingly, the expression of BCR-ABL did
not significantly change the distribution of symmetric and
asymmetric division (Figure 6D). This suggested that,
although BCR-ABL can influence the frequency of cell
division and survival of the target cell, it does not sig-
nificantly influence the choice the cell makes between
symmetric and asymmetric division.
We next tested the effects of the fusion protein NUP98-
HOXA9 on asymmetric and symmetric division. NUP98-
HOXA9 occurs as a consequence of the t(7:11) transloca-
tion and contains a transcriptional activation domain
encoded by the Nucleoporin 98 protein fused to the tran-
scription factor HOXA9 (Borrow et al., 1996; Nakamura
et al., 1996). NUP98-HOXA9 translocations are associ-Cell Sated with acute myelogenous leukemia (AML) as well as
the blast crisis phase of CML (Ahuja et al., 2001; Nish-
iyama et al., 1999; Yamamoto et al., 2000). To test the ef-
fects of NUP98-HOXA9 on cell-division rate and pattern,
we infected GFP+KLSC cells with either a control or
a NUP98-HOXA9 viral construct linked to an IRES-CFP.
Infected cells were sorted based on CFP expression and
plated on 7F2 cells, and rate of division, cell death, and di-
vision pattern were monitored and quantified. The rate at
which the NUP98-HOXA9-infected cells divided was not
significantly faster than the rate at which control infected
cells divided (Figure 7A, n = 63). In addition, the frequency
of cells that underwent apoptosis was similar for vector-
infected and NUP98-HOXA9-infected cells (Figure 7B).
In contrast, NUP98-HOXA9 expression led to a significant
shift in the pattern of division (Figures 7C and 7D). Thus,
while with BCR-ABL the ratio of asymmetric to symmetric
renewal division was 1:1 and equivalent to control condi-
tions, the presence of NUP98-HOXA9 led to 2.5 times
more symmetric renewal divisions compared to asymmet-
ric divisions (Figure 7E). Importantly the subversion of the
normal balance of symmetric and asymmetric division
may explain why NUP98-HOXA9 causes the preferentialtem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 549
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Imaging Stem Cell DivisionFigure 7. NUP98-HOXA9 Expression Alters the Balance between Asymmetric and Symmetric Division
(A) Rates of cell divisions of vector-infected or NUP98-HOXA9-infected KLSC cells on 7F2 were monitored by counting the number of times a cell
divided in a period of 72 hr by time lapse microscopy. The division time was averaged from 78 and 63 cells, respectively (n = 3).
(B) Apoptosis rate of vector-infected or NUP98-HOXA9-infected KLSC cells were determined as in Figure 5C.
(C and D) Frequency of vector-infected or NUP98-HOXA9-infected cells undergoing asymmetric, symmetric renewal or symmetric commitment
divisions were scored over 72 hr by time-lapse microscopy. Data shown are derived from 78 vector-infected and 63 NUP98-HOXA9-infected cells,
and are obtained over three independent experiments. The difference in frequency of symmetric renewal divisions between vector-infected and
NUP98-HOXA9-infected cells is significant (p = 0.007).
(E) Relative ratios of symmetric:asymmetric division after expression of BCR-ABL or NUP98-HOXA9.
Error bars represent standard deviation.growth of immature precursors that occurs in acute mye-
loid leukemias while BCR-ABL allows normal levels of
differentiation in chronic myeloid leukemia.
DISCUSSION
Although it has long been speculated that mammalian
stem cells undergo asymmetric and symmetric division,
whether this actually occurs is unclear. In addition,
whether microenvironments that influence stem cells to
differentiate or self-renew do so by shifting the balance
of asymmetric and symmetric divisions and whether the
balance can also be subverted by oncogenes are fun-
damental questions that need to be addressed to better
understand the basis of stem cell-fate decisions and on-
cogenic transformation.550 Cell Stem Cell 1, 541–554, November 2007 ª2007 ElsevierUsing a transgenic Notch reporter mouse, in which the
GFP status of a cell acts as a sensor for the differentiated
state, we have imaged how hematopoietic precursors di-
vide in response to different stimuli during growth, differ-
entiation, and oncogenic transformation. Specifically we
show that the balance between asymmetric and symmet-
ric divisions is not hardwired in precursors but instead is
responsive to extrinsic and intrinsic cues. Precursors
placed in a prodifferentiation environment preferentially
divide through asymmetric or symmetric commitment di-
vision, whereas those placed in a prorenewal environment
primarily divide through symmetric renewal divisions. Im-
portantly, our data show that oncogenes also have the
ability to influence a cell’s choice between symmetric or
asymmetric division. In this context, we find that, although
BCR-ABL predominantly influences a cell’s rate of divisionInc.
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normal balance of symmetric and asymmetric division.
This suggests that different oncogenes subvert different
aspects of cellular function, and an oncoprotein’s mode
of action may dictate the type of leukemia it generates.
Although it is known that precursor cells in invertebrates
divide by asymmetric and symmetric cell division, whether
this occurs in mammalian cells, particularly in the hemato-
poietic system, was less clear. The fact that GFP expres-
sion correlates with an undifferentiated state in the TNR
mice allowed us to develop a system to track the different
outcomes of cell division in real time, thereby allowing
screening and assessment of different stimuli or microen-
vironments without the need for any micromanipulation of
progeny cells. Using this approach, we observed that,
when hematopoietic precursors were placed on 7F2 cells,
which induce differentiation, the cells underwent asym-
metric division twice as often as symmetric renewal divi-
sions. By contrast, when placed on OP9 cells, which pro-
mote the maintenance and growth of immature cells, the
cells divided through symmetric renewal 2.5 times more
often than asymmetric division. Interestingly, the rates of
growth and death were similar on the two environments.
These results suggest that one way by which the microen-
vironment might influence growth or differentiation is to al-
ter the balance of symmetric and asymmetric division of
hematopoietic precursors.
Previous pioneering studies in the hematopoietic sys-
tem that have focused on the question of whether hema-
topoietic cells can undergo asymmetric division have pri-
marily used a clone-splitting technique (Brummendorf
et al., 1998; Leary et al., 1985; Suda et al., 1984). In this
approach, single hematopoietic cells are cultured, their
immediate progeny physically separated, and the fates
of these progeny tracked by assays that measure the
rate of proliferation or colony formation. This approach re-
vealed that in cultured human cord blood hematopoietic
progenitors 3%–17% of the divisions were asymmetric
and that the division pattern was not influenced by expo-
sure to different cytokines (Mayani et al., 1993). A similar
lack of influence of cytokines was observed in CD34+ cells
from human fetal liver where the rate of cell division was
used as to track whether paired daughter cells behaved
differently (Huang et al., 1999). These data indicate that
the decision between different types of division may not
be controlled by extrinsic regulatory molecules but rather
by intrinsic mechanisms. However, experiments using
more purified mouse CD34-KLS cells (Osawa et al.,
1996) have shown that culture with cytokines such as
SCF and IL3, which induce greater levels of differentiation,
led to asymmetric divisions in 52% 62% of the cells,
whereas culture with cytokines such as SCF and Tpo,
which tend to preserve undifferentiated cells, led to asym-
metric division in only 17% of the cells (Takano et al.,
2004). These data suggest that cytokines that decrease
differentiation do so by decreasing asymmetric division
and are consistent with our findings, which show that
distinct microenvironments do lead to a corresponding
change in the balance of hematopoietic precursor divi-Cellsions. Our work also provides a possible mechanism un-
derlying the choice between symmetric and asymmetric
fates by showing that asymmetric divisions correspond
to asymmetric distribution and segregation of Numb. Al-
though our data also show that increased Numb can con-
tribute to specification of the differentiated daughter cell, it
is likely that multiple other molecules are involved in this
asymmetric division event, and a complete elucidation of
the relevant pathways will be an important area of future
work. In this regard, it is important to point out that it has
recently been reported that primitive human hemato-
poietic cells asymmetrically segregate proteins such as
CD63 and CD71 during mitosis (Beckmann et al., 2007).
Together with our work, this suggests that the intrinsic seg-
regation of a variety of protein determinants likely plays
a role in fate specification of both mouse and human HSCs.
Using our imaging system, we have also found that on-
cogenes can subvert the normal balance of asymmetric
and symmetric division. Interestingly, although the onco-
protein BCR-ABL had a clear impact on increasing the
rate of cell division and decreasing the rate of cell death,
it did not affect the choice between asymmetric and sym-
metric division compared to control conditions. In con-
trast, NUP98-HOXA9 led to a significant increase in sym-
metric renewal divisions but did not affect the rates of
division and cell death. The differential impact of the two
oncogenes may be important because BCR-ABL is mostly
associated with CML, which is an indolent disease with
intact differentiation. In contrast, NUP98-HOXA9 is often
associated with AML and blast crisis CML, cancers that
display an aggressive growth of more immature cells
and reduced differentiation. It is important to note that,
in mouse models, although the use of BCR-ABL recapitu-
lates CML-like disease, NUP98-HOXA9 leads to a myelo-
proliferative disease that progresses later to clonal AML.
In addition, NUP98-HOXA9 can cooperate with BCR-
ABL to lead to blast crisis phase of CML (Dash et al.,
2002; Mayotte et al., 2002). It is possible that it is the dif-
ferential impact of these oncogenes on the balance of
asymmetric and symmetric divisions that defines the abil-
ity of BCR-ABL to induce only a chronic and differentiated
disease and NUP98-HOXA9 to induce a more aggressive
and undifferentiated disease.
Our work provides an important mammalian comple-
ment to studies ofDrosophila neuroblasts that have exam-
ined the consequences of mutations of genes that are
involved in asymmetric renewal on tumor formation.
Neuroblasts are normally polarized along their apical-
basal axis, and the apical cell becomes another neuro-
blast while the basal daughter becomes the ganglion
mother cell that goes on to make differentiated cells. Mu-
tations of the gene brat, which normally segregates asy-
metrically to specify the differentiated fate, lead to unreg-
ulated growth of two uncommitted daughter cells and
subsequent tumorigenesis (Betschinger et al., 2006; Lee
et al., 2006). In addition, altering asymmetric division of
neuroblasts by mutating the asymmetrically distributed
protein Numb, Miranda, or prospero leads to overgrowth
of neuroblasts and subsequent formation of tumorsStem Cell 1, 541–554, November 2007 ª2007 Elsevier Inc. 551
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at least in flies, subversion of the balance between sym-
metric and asymmetric division is an important compo-
nent of tumor growth. Our data indicate that such subver-
sion of a normal cell-division pattern also in fact occurs
during mammalian oncogenesis. However, by comparing
the effects of different oncogenes, our work also suggests
that the alteration of asymmetry may be specific to some
oncogenes and not others, and raises the possibility that
whether an oncogene alters asymmetry may dictate the
type of leukemia it generates. Perhaps one of the more
exciting implications of our findings is that molecules
that alter the choice between symmetric and asymmetric
division could be used to inhibit or slow the aggressive
growth of acute leukemias. Only further work along these
lines will reveal whether altering the aberrant symmetry of
transformed cells can be a new target for cancer therapy.
EXPERIMENTAL PROCEDURES
Mice
CD1 wild-type mice and transgenic Notch reporter (TNR) were used at
6–8 weeks of age. Balb/C Rag2/IL2rg/ and SCID mice used as
transplant recipients were >10 weeks of age. Mice were bred and
maintained on acidified water in the animal care facility at Duke Uni-
versity Medical Center. All live animal experiments were performed
according to protocols approved by the Duke University IACUC.
Cell Isolation and FACS Analysis
HSCs were sorted from mouse bone marrow, and analysis of trans-
planted cells was performed as described previously (Duncan et al.,
2005; Osawa et al., 1996). Analysis and cell sorting were carried out
on a FACSVantage (Becton Dickinson) at the Duke Cancer Center
FACS facility.
Notch Ligand Analysis
KLSC cells were stained with antibodies from Santa Cruz Biotechnol-
ogy: anti-Jagged1 (sc-6011), anti-Jagged 2 (sc-8158), anti-Dll 1 (sc-
8155), or anti-Dll 4 (sc-18641). Total RNA was extracted from cultured
OP9 and 7F2 cells with an RNeasy Mini kit (74104, QIAGEN) according
to the manufacturer’s instructions. One microgram of total RNA was
reverse transcribed with Superscript II Reverse Transcriptase
(18064, Invitrogen). cDNA was amplified by PCR for 40 cycles (primer
sequences are in the Supplemental Experimental Procedures).
In Vitro Methylcellulose Assays
GFP+KLSC cells from TNR mice were cocultured with 7F2 cells for 3
days, and the resulting GFP+ or GFP cells were sorted at 1 cell/well
and cultured in complete methylcellulose medium (Methocult GF
M3434 from StemCell Technologies). Colonies were scored after 7
days of culture and identified by morphology.
In Vivo Analysis of HSC Function
GFP+KLSC cells from TNR mice were cocultured with 7F2 cells for
2 days. Subsequently, 10, 20, or 40 GFP+ or GFP cells were trans-
planted into groups of Rag2/IL2rg/ hosts (three mice/dose, total
of 48 over two experiments). Host mice were sublethally irradiated
with 4.5 Gy by using a 200 kV X-ray machine 4 hr prior to transplanta-
tion and subsequently maintained on antibiotic water. To test the repo-
pulating ability of GFP+KLS cells from TNR mice, 500 GFP+KLS cells
were transplanted into irradiated SCID mice (4.5 Gy) with 300,000
Sca-1-depleted SCID bone marrow cells. For the secondary trans-
plantation, 2 million BM cells from primary transplanted mouse were552 Cell Stem Cell 1, 541–554, November 2007 ª2007 Elseviertransplanted into SCID mice. Immunodeficient recipient mice were
used because the TNR mice are on an outbred CD1 background.
Transplanted mice were bled every 3 weeks and peripheral blood
analyzed to determine the level of donor-derived chimerism. Donor
and host cells were distinguished by expression of CD45.1 (A20,
eBioscience) and CD45.2 (104, eBioscience).
Time-Lapse Imaging
GFP+KLSC cells from TNR mice were cultured on feeder cells, on glass
bottomed 35 mm petri dishes. Unattended time-lapse movies of
randomly chosen GFP+ HSCs were assembled with minimal intensity
fluorescent excitation, provided by camera triggered and Uniblitz
shuttered illumination, driven by Metamorph’s multidimensional acqui-
sition (MDA) feature. Continuity of focus stability of movies was
assured by using a temperature-stabilized Zeiss Vert200 mot, fitted
with a fully enclosed Pecon XL3 incubation box and an Orca AG Fire-
wire camera (Hamamatsu). Where possible, image intensity was max-
imized by using acceptable levels of increased camera gain and
binning, consistent with generating acceptable image resolution and
contrast under modest levels of illumination best tolerated by the cells.
A reproducibly low and homogeneous level of illumination was pro-
vided by an X-Cite 120 liquid light guided metal halide lamp (Exfo
Corp). All targets were coimaged in GFP with DIC or CFP fluorescence,
using nonoverlapping widefield fluorescent filter sets (Omega Optical
Corp. Battleboro, VT) to aid in cell identification. To maximize the po-
tential of unattended data collection, multiple HSC targets in the dish
were identified, marked, and revisited multiple times, utilizing the
Mark and Find feature of the Metamorph MDA, over a period of
72 hr, with cultures maintained at 37C, 5% CO2, and saturating levels
of humidification. Target cells were reviewed in movie replay after data
concatenation into Metamorph time-lapse stacks. To facilitate assem-
bly of lineage trees for fate mapping of cells undergoing multiple
rounds of cell division, it was sometimes necessary to stitch together
adjacent image fields into larger montages (tiling in Metamorph, exam-
ple shown in Figures 3P–3U) so that the fate of HSCs entering or leav-
ing target fields of interest could be followed over time. Criteria for
scoring division patterns are described in the Supplemental Experi-
mental Procedures.
Viral Production and Infection
BCR-ABL (from W. Pear and A.M. Pendergast) was cloned into an
MSCV-IRES-CFP retroviral expression vector. NUP98-HOXA9-IRES-
CFPwas a gift from C. Jordan and G. Gilliland. Numb cDNA (accession
number BC033459, NCBI) was fused to GFP or CFP in the MSCV-GFP
(or CFP) vector. VSVG pseudotyped and concentrated virus was pro-
duced, and viral infection was carried out as described in (Duncan
et al., 2005). Infected cells were sorted based on KLS, GFP, and
CFP expression.
Immunofluorescence Staining
GFP+KLSC-sorted cells were cultured overnight in 96-well U bottom
plates in the presence of X-Vivo15, 50 mM 2-ME, 2% FBS, SLF
(30 ng/ml), and Flt3L (30 ng/ml). After 12–18 hr, 10 nM nocodazole
(Sigma) was added for 24 hr. Cells were collected and stained with
antibodies to Numb (1:200) (ab4147, Abcam), phospho-H3 (1:200)
(06-570, Upstate), or pan-cadherin (1:100) (ab6529, Abcam) and coun-
terstained with DAPI. Secondary antibodies used: for Numb staining,
donkey anti-goat Alexa Fluor 546 (Mol. Probes), and for PH3 and
pan-cadherin staining, goat anti-Rabbit Alexa Fluor 350 (Mol. Probes).
To examine Numb segregation into GFP+/ cells, cells were costained
with anti-GFP (1:400) (A21202, Mol. Probes). In certain experiments,
GFP+KLSC cells were sorted and plated on coverslips coated with
7F2 or OP9 cells, treated with nocodozole for 18–24 hr, fixed with
4% paraformaldehyde, and then stained with relevant antibodies.
Statistical Analysis
Student’s t test was utilized to determine statistical significance.
P values less than 0.05 were considered significant.Inc.
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Supplemental Data include Supplemental Experimental Procedures,
four figures, and six movies and can be found with this article online
at http://www.cellstemcell.com/cgi/content/full/1/5/541/DC1/.
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